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Abstract
Motivation: Ligand information is of great interest to understand protein function. Protein
structure topology can be modeled as a graph with secondary structure elements as vertices and
spatial contacts between them as edges. Meaningful representations of such graphs in 2D are
required for the visual inspection, comparison and analysis of protein folds, but their automatic
visualization is still challenging. We present an approach which solves this task, supports different
graph types and can optionally include ligand contacts.
Results: Our method extends the field of protein structure description and visualization by
including ligand information. It generates a mathematically unique representation and high-
quality 2D plots of the secondary structure of a protein based on a protein-ligand graph. This
graph is computed from 3D atom coordinates in PDB files and the corresponding SSE assignments
of the DSSP algorithm. The related software supports different notations and allows a rapid
visualization of protein structures. It can also export graphs in various standard file formats so
they can be used with other software. Our approach visualizes ligands in relationship to protein
structure topology and thus represents a useful tool for exploring protein structures.
Availability: The software is released under an open source license and available at
http://www.bioinformatik.uni-frankfurt.de/ in the Software section under Visualization
of Protein Ligand Graphs.
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1 Introduction
Our knowledge of proteins expands rapidly with the high-throughput technologies and
more and more 3D structures are available in databases like the RCSB Protein Data Bank
(PDB, [1]). Thus, computational tools to automatically search, compare and classify protein
structures are needed. Proteins are complex macromolecules and representing their structure
in a way which allows for fast visual analysis requires significant simplification. This can be
achieved by choosing the secondary structure level as an abstraction level and then drawing
a 2D cartoon image of the protein. After the pioneering work of Jane Richardson, who
first defined protein topology cartoons [23] and the first visualization methods, e.g. based
on hydrogen bonds [10], it is not surprising that many secondary structure databases and
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software tools to perform these tasks on all levels of protein structure exist today. The
databases CATH [22], SCOP [21] and TOPS [19] all operate on the secondary structure level,
i.e., abstracting from the atomic level they consider secondary structure elements (SSEs) and
their relations in proteins to describe protein topology. Both CATH and SCOP split proteins
into structural domains and then use a combination of automated and manual techniques
to classify them into a hierarchic system that reflects structural as well as evolutionary
relationships. In contrast, GRAST [7] and TOPS are fully automated methods. They all
use graphs to represent protein topologies. GRATH abstracts SSEs as vectors and uses
geometric relationships between all pairs of vectors to construct a graph of the protein
structure. VAST [6, 16] also uses graph algorithms to detect similar spatial orientation and
connectivity between SSEs.
Protein structure databases usually compare protein topologies based on atom coordinates
from PDB files, but all methods listed above ignore the ligand atoms stored in those files.
TOPS+ [28, 29] is the first method which includes ligand information in the comparison of
proteins on the secondary structure level. It works on the domain level, uses a string-based
description of protein secondary structure and includes additional biochemical and structural
features like length of SSEs. String alignment methods are used to find similarities between
domains.
The Protein Topology Graph Library (PTGL, [17, 18]) is a database of protein topologies
that provides a web interface to compare and visualize protein folds based on SSEs. It uses
a graph-based protein model related to earlier work by Koch et al. [12, 15, 14] and finds
structural similarities between proteins by detecting maximum common substructures in
their graph representations, allowing abstraction from the order of the SSEs in the amino
acid sequence. This approach has recently been used to explore super-secondary structure
patterns in proteins [13].
Images of protein topologies should contain information on the SSEs, their contacts and
relative orientations and should still be clear and unequivocal. Automatically arranging the
SSE symbols in the plane and fulfilling these constraints is not trivial, but some programs
which address this task exist. TOPS cartoons [30] use circles and triangles to represent helices
and strands. Pro-Origami [25] also draws protein cartoons and finds a balance between
structural information and a clear layout. Additionally, it provides interactive diagrams and
a search interface via a website. With the exception of TOPS+, all these programs consider
α-helices and β-strands, but ignore ligands.
2 Approach
Our method works on the level of the secondary structure for protein chains. The 3D atom
coordinates of all protein residues of a chain as well as the ligand molecules associated with
the chain are parsed from PDB files. Each amino acid of the protein chain is assigned a
SSE type by the DSSP algorithm [11]. After a pre-processing step which includes filtering
of certain residues, the contacts between all remaining residues and ligand molecules are
calculated. These residue level contacts are analyzed and SSE level contacts are defined
according to specific rules. For each SSE pair which is in contact, we compute the spatial
orientation. This leads to a contact matrix which can be used to create a protein graph (see
Figure 1). These protein graphs are not necessarily connected and can thus be split into
one or more connected components, which we call folding graphs. Both protein graphs and
folding graphs can be visualized as 2D cartoons which allow for a rapid visual inspection and
comparison.
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Figure 1 Computation of the protein graph from 3D atom data. Contacts are calculated on atom
level from the 3D data in a PDB file (a). All residues of the considered protein chain are assigned to
SSEs (b), which become the vertices of the protein graph (c). The atom contact information is used
to determine the spatial relationships between the SSEs represented by edges in the graph (d).
3 Methods
3.1 Preprocessing and secondary structure assignment
Meta data, data on protein residues and atom coordinates is first parsed from the PDB file.
During this step, PDB files which contain only very short protein chains with less than 30
residues or no protein chains at all are ignored. A list of all helices and strands of a protein
chain in sequential order is created from the DSSP output according to the rules described
below. Then all protein residues and ligands are assigned to one of the classes listed in Table
1.
Table 1 Description of the SSE classes used in protein ligand graphs.
SSE class DSSP types Description
H H, G, I residue which is part of an α-helix
E E, B residue which is part of a β-strand
C S, T, none residue which is not part of an α-helix or β-strand
L n/a ligand molecule
O n/a other non-protein molecules (solvent, polymers)
Solvent molecules like H2O as well as polymers like DNA and RNA are filtered at this
stage. Protein residues which are not part of a helix or strand are also ignored by default.
This leads to a list of SSEs which is ordered by appearance in the primary structure from
the N- to the C-terminus. An example for the residues with DSSP numbers 212–247 of chain
A of PDB ID 7TIM is given below.
DSSP pos. | 212 220 230 240 247
Residue | NGSNAVTFKDKADVDGFLVGGASLKPEFVDIINSRN
DSSP SSE | TTTGGGGTT TT EEEESGGGGSTTHHHHHHTT
SSE class | CCCCHHHHCCCCCCCEEEECHHHHCCCHHHHHHCCC
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Consecutive residues of the classes E or H form an SSE, which means that the example
above contains four SSEs: a β-strand (227–230) and three α-helices (216–219, 232–235,
239–244). Each ligand is treated as a single SSE of type L and appended to the SSE list at
the end of the chain. The contacts between the residues and ligands of the classes H, E and
L are computed in the following step.
3.2 Computation of atom level and residue level contacts
A hard-sphere model is used to determine atom contacts: atoms are treated as hard spheres,
and the atom coordinates defined in a PDB file are assigned to collision spheres. The default
collision sphere radius ratom is 2 Å for protein atoms and 3 Å for ligand atoms. Depending on
the experiment which was used to generate the data, a PDB file may or may not contain data
on hydrogen atoms, so we ignore them if they are listed. By definition, a contact between
two atoms exists if their collision spheres overlap and a contact between two residues exists
if the collision spheres of any of their atoms overlap.
According to its type, each atom can be assigned to one of the following classes: protein
backbone atom, protein side chain atom or ligand atom. Thus, a contact between a pair
of residues can be the result of multiple contacts of different types on the atom level. We
distinguish the following contact types:
backbone–backbone (BB) contacts
backbone–side chain (BC) contacts
side chain–side chain (CC) contacts
ligand–backbone (LB) contacts
ligand–side chain (LC) contacts
ligand–ligand (LL) contacts
ligand–non-ligand (LX) contacts, i.e., LX = LB || LC
For each residue pair which is in contact, the number of contacts of all these classes is
saved for SSE contact determination.
To speed up the calculation, collision spheres are also assigned to residues by determining
the central atom c and the maximal distance dmax between c and any other atom of the
same residue. For protein residues, the Cα-atom is considered to be the residue center. This
rule cannot be applied to ligand molecules though, so we choose the atom with minimal
maximal distance to all other atoms of the molecule in this case. Thus, the collision sphere
for a residue has the radius rres = dmax + ratom. If the collision spheres of two residues do
not overlap, no contact is possible and the atom level comparison can be omitted.
Furthermore, multiple consecutive residues may be skipped entirely under certain cir-
cumstances (see Figure 2): if two residues with DSSP numbers n and m are very far from
each other, the residues n and m+ 1 are far from each other as well, and it may be possible
to skip the residues m+ 1,m+ 2, . . . ,m+ k. The maximum distance between the central
atoms of consecutive residues in the chain, distmax, the maximum collision sphere radius of
all residues, and the distance distn,m between the central atoms of the residues n and m are
required to determine k, the number of residues that can be skipped. Integer division1 is used
to compute k = distn,m\distmax and skip residues during the pairwise contact calculation.
1 Integer division can be defined as a\b ≡ ba/bc.
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Figure 2 Residue skipping during the determination of residue level contacts. The maximum
distance between the central atoms of consecutive residues in the chain is distmax, and distn,m is
the distance between the central atoms of the residues n and m. Then, distn,m+1 is at least distn,m
− distmax.
3.3 Computation of SSE level contacts and relative orientation
We apply a rule set to determine whether two SSEs are in contact. This is the case if enough
atom level contacts exist between residues of the considered pair. Determining the number
of atom level contacts that is considered to be sufficient for an SSE contact is a difficult and
time-consuming task though, because different settings have to be tested on a number of
proteins and their results have to be verified manually by visual inspection using a viewer
program like PyMol [24]. The rules depend on the type of both SSEs, see Table 2.
Table 2 Rules for the determination of SSE contacts. The class X represents an arbitrary SSE
class, i.e., X = E || H || L.
SSE 1 SSE 2 Required contacts
E E BB > 1 ||CC > 2
H E (BB > 1&&BC > 3) ||CC > 3
H H BC > 3 ||CC > 3
L X LX >= 1
Since a polypeptide chain has a direction, multiple spatial relationships can be defined
between two adjacent sections: they can be parallel, anti-parallel or something in between,
which we call mixed orientation. Each edge in the protein graph is labeled with the spatial
relation of the SSEs represented by its vertices, which is computed as follows:
Let u and v be two spatially adjacent, non-ligand SSEs of a protein chain. Let A and
B be the sets of the DSSP residue numbers of the SSEs u and v respectively. Let S be
the set of all sums of the DSSP residue numbers of the residue pairs (ai, bj) with ai ∈ A
and bj ∈ B which form a contact and D the set of all differences of these pairs. The
double difference is then defined as DD = (Smax − Smin) − (Dmax −Dmin). The spatial
relation between the SSEs u and v is determined from DD using four thresholds for which
Tantip < TmixedLower < 0 < TmixedUpper < Tparallel holds. By definition, the SSEs are (1)
mixed, if TmixedLower < DD < TmixedUpper, (2) parallel, if DD > Tparallel and (3) anti-
parallel, if DD < Tantip. If one of them is a ligand and thus has no direction, the contact
type is defined as (4) ligand.
During the computation of contacts between the n SSEs of a protein chain and the
relative orientation of all SSE pairs which are in contact, an orientation matrix M of size n2
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is generated. At position (i, j), the matrix is 0 if the SSEs i and j are not in contact, 1 if
they are anti-parallel, 2 if they are mixed, 3 if they are parallel and 4 if one of them is a
ligand.
3.4 Computation of the different protein graph types
The orientation matrix M can be interpreted as the adjacency matrix of an undirected
protein graph G = (V,E) with the vertex set V and the edge set E. Each vertex v of the
graph represents an SSE and each edge e = (vi, vj) a contact between the vertices vi and vj
it connects. An edge e = (vi, vj) is added to E if and only if Mi,j > 0.
Depending on what the user is interested in, a subset of the SSE types can be ignored
when creating the graph. For example, a protein graph which only consists of helices and
the contacts between them is called an alpha-graph. We support the following graph types:
the alpha-graph based on the α-helices (H),
the beta-graph consisting of all β-strands (E),
the albe-graph with all SSEs of types E and H,
the alphalig-graph consisting of all SSEs of types H and L (ligands),
the betalig-graph with all SSEs of types E and L,
the albelig-graph based on all β-strands, helices, and ligands.
Note that two consecutive SSEs in the SSE list may be separated by a variable region in
the amino acid sequence and thus an SSE is not necessarily spatially adjacent to its primary
structure predecessor and successor in the protein graph. This means that protein graphs
are not necessarily connected in the graph-theoretic sense, i.e., protein graphs may consist
of several connected components. We call these connected components the folding graphs
of a protein graph. They can be computed using the algorithm described in [9] and drawn
separately. Optionally, folding graphs under a certain size can be ignored during this process.
It turned out that many protein graphs consist of one large connected component and several
isolated vertices which often represent helices on the protein surface.
3.5 Visualization of protein graphs and folding graphs
Both protein and folding graphs can be visualized in the same way. The vertices are ordered
and labeled by the position of the SSE they represent in the amino acid sequence (S) and
by their position in the graph (G). Helices are shown as red, filled circles, strands are
represented by black, filled squares, and ligands by magenta rings. The contacts are drawn
as arcs, and their color encodes the spatial relation between the two SSEs (red → parallel;
blue → anti-parallel; green → mixed; magenta → ligand contact). The protein graph of
triosephosphate isomerase is depicted in Figure 3 as an example.
To visualize a graph G = (V,E) consisting of the n vertices v0, v1, . . . , vn−1, the visualization
function first computes the required image dimensions from the number of vertices. Ignoring
the page margins of fixed size, the drawing area can be split into three parts vertically:
1. The header section is used to print information on the depicted graph, including the
graph type, PDB ID and chain ID. Its width wh is determined from the font size and the
number of characters of the printed string. The header section is not shown in the figures
of this paper.
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Figure 3 The albelig-graph of the β-chain of triosephosphate isomerase. The α-helices are shown
as red, filled circles and the β-strands as black, filled squares. Ligands are represented by magenta
circles. From left to right, the vertices are labeled by their position in the amino acid sequence.
The arcs mark spatial contacts (red for parallel; blue for anti-parallel; green for mixed; magenta for
ligand contact).
2. The graph section contains the visualization of the protein graph. Its width wg is
|V | ∗ distv + 2 ∗ r, where distv is the distance of adjacent vertices in the visualization
(distv is fixed and set to 50 pixels by default) and r is the vertex radius. Its height hg is
hmax + r, where hmax is the height of the largest arc that could possibly occur in the
image, the one between vertices v0 and vn−1.
3. The footer section is used to label the vertices from N- to C-terminus. The labels are
written directly underneath the vertices, so the width of the footer also is wg.
The total width of the image thus is marginleft +max(wh, wg) +marginright and its
height is margintop + hh + hg + hf +marginbottom.
Once the canvas has been prepared, the header and footer are printed and the graph is
depicted. Before drawing a vertex or edge, the color is set based on the vertex or edge type.
The position (v1x, v1y) of the first vertex in the list is determined and all other vertices are
drawn relative to it, i.e., the nth vertex is drawn at position (vnx , vny ) = (v1x+(n−1)∗distv, v1y).
An arc is then used to visualize contacts between a pair of SSEs. The required values
for an arc connecting a vertex pair (n,m) can be computed from the position of these
vertices. All edges are drawn and the resulting image is written to the output directory
in in pixel-based (PNG or JPG) and vector-based (SVG) formats. Additionally, a text file
representing the protein graph is saved to the same directory in our own PLG file format,
GML format [8], GraphML format [26], and DOT language format [27]. These text files can
be used to get more detailed information on the SSEs shown in the image, i.e., their length
and amino acid sequence. They can also be opened in other graph editing and visualization
software like GraphViz [3]. Furthermore, our software can read PLG files and visualize them
directly without having to re-compute any SSE data. In that case, no PDB and DSSP files
are required.
The software comes with a graphical user interface but can also be used on the command
line, which is useful in batch mode. Options exist to write the results to a database and to
include coiled regions in the protein graphs. Our software also includes an option to filter
ligands based on their atom count.
4 Discussion
We have applied our method to a copy of the PDB retrieved on May 2011 and saved the
results in a database. The database contains entries on 139,923 protein chains stored in
60,880 PDB files, the average PDB file in the database thus contains 2.3 chains. These
proteins contain a total of 1,165,616 α-helices, 1,322,639 β-strands and 357,311 ligands. The
average SSE consists of about 7 residues, and in general helices are longer than β-strands.
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Figure 4 Coiled regions in protein graphs. (a) The protein graph of chain A of biotin carboxylase,
PDB identifier 2W70. The chloride ion (SSE #37) is isolated because it only has contacts with
residues in coiled regions. (b) A modified version of the protein graph which includes coiled regions
as a new SSE type (shown as gray, filled circles). The contacts between the chloride ion (SSE #59)
and protein residues in two coiled regions of the chain (SSE #13 and #38), become visible in this
representation.
Note that not all currently available PDB files are included in the database. Many of the
ignored files contain only RNA or DNA, others contain very short polypeptides or cannot be
processed properly by DSSP.
More than 2,500,000 contacts between SSEs and about 400,000 ligand contacts were
detected in the data set. This means that the average α-helix or β-strand has 1.0 contacts
to other SSEs of the protein while the average ligand is in contact with 1.1 SSEs or other
ligands. These numbers include 319,962 SSEs and 133,216 ligands that do not have any SSE
contacts at all, i.e., they are isolated vertices in the protein graph. The higher percentage
of isolated ligands compared to SSEs may be related to the fact that ligands usually are
small molecules bound to the surface area of a protein. Note that some ligands like Mg2+
only consist of a single atom. This means they cannot be surrounded by a large number of
SSEs like an α-helix or β-strand deep within the protein core. Additionally, the majority of
contacts to coiled regions are ignored by our method, because coiled regions are not made
up of regular spatial patterns.
The phosphate ion PO4-147, which is associated with chain D of hemoglobin in the PDB
structure 2HHB [5], is such an example: with a collision sphere setting of 2 Å, it is in contact
only with VAL-1, but this residue is part of a coiled region. A situation like this is not
directly related to the contact computation algorithm, but rather is a consequence of the
protein model. A possible solution could be to increase the collision sphere radius of ligand
atoms. Visual inspection did indeed show that in many cases, only a subset of the residues
forming the binding pocket overlaps with the collision sphere of small ligands. Therefore the
default collision sphere radius of ligand atoms was increased to 3 Å. An alternative solution
could be to include coiled regions as a new SSE type and to consider all protein residues
which are neither an α-helix nor a β-sheet to be part of a coiled region. This would mean
that all protein residues are represented by an SSE in the protein graph and ligands which
only have contacts to coiled regions are not longer isolated.
The large protein graph for chain A of PDB entry 2W70 [20] is depicted in Figure 4, with
and without consideration of coiled regions. In the graph which includes coiled regions, the
last ligand, the chloride ion CL-1448 is not longer represented by an isolated vertex, but
the number of vertices and edges in the graph is dramatically increased. A problem is that
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allowing coiled regions as SSEs may split other SSEs into multiple parts. Another approach
would be to determine the SSE which is spatially closest to such ligands and introduce a new
contact type with a new spatial relation ”close to“.
5 Conclusion
In the following we demonstrate the results of our approach using the structure of triosephos-
phate isomerase (TIM) with PDB identifier 7TIM [2]. TIM is a glycolytic enzyme which
catalyzes the interconversion of the three-carbon sugars dihydroxyacetone phosphate and D-
glyceraldehyde 3-phosphate. Each of its two chains consists of a central parallel eight-strand
β-barrel surrounded by α-helices. The albelig-graph consists of 22 SSEs and is depicted in
Figure 3. The betalig-graph makes it easier to spot the β-barrel (see Figure 5). The ligand,
phosphoglycolohydroxamic acid, has contacts to several β-strands and α-helices.
Figure 5 Examples for different types of protein graphs and the structure of triosephosphate
isomerase (a). The betalig-graph (b) and the alphalig-graph (c) of the β-chain of triosephosphate
isomerase, PDB identifier 7TIM. The α-helices are shown as red, filled circles and the β-strands as
black, filled squares. Ligands are represented by magenta circles. From left to right, the vertices are
ordered by their position in the amino acid sequence. The arcs mark spatial contacts (red, parallel;
blue, anti-parallel; green, mixed; magenta, ligand contact). Note that the β-barrel is clearly visible
in the betalig-graph as a series of parallel β-strands.
We have presented a new method to describe and visualize the structure of proteins
on the secondary structure level including ligand information. This method is based on a
unique graph-theoretic description of protein structure topology. In this paper, we explain
the description and how ligand information is considered in the graph representation as well
as in the topology cartoons. The visualization of these cartoons is described in detail using
examples for illustration.
The related software is baded on PDB structures and DSSP files and produces high
quality cartoons which include ligand data. These cartoons can be used for exploring protein
structure topology with ligand information. Additionally, the graphs can be stored in a
database or exported in various standard graph file formats for usage in other software tools.
The protein model defined by the software has been evaluated on the atom and SSE levels.
Limits of both the input data and our method have been discussed. We demonstrate that
our approach produces a clear, unique and meaningful representation of protein structure
topology. The description as well as the visualization can be applied in proteomics, drug
design, medicine and biology. Our software can also be used to extend the existing PTGL
[18] database by adding ligand information. The protein graphs could be used for similarity
searching within the database using graph-based or string-based methods. A web server
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with links to other databases, including sequence and pathway databases as well as ligand
databases like the PDB Ligand Expo [4], is planned.
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